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Abstract
The effect of land use changes and climate change on flooding frequency and magnitude was evaluated in the rapidly
expanding Amman City, Jordan. A high spatial resolution hydrological model was run on a daily timestep from 1985 through
2021 to simulate the evolution of flooding events using three land use scenarios, 1986, 2001, and 2024. Land use derived from
Landsat images indicated a large urban expansion, with urban areas expanding from ~83 km? in 1986 to 137 km? in 2024.
Simulation results were commensurate with observed and archived datasets. Aridification and warming were observed in the
study area. Precipitation decreased and the minimum and maximum temperatures rose significantly during the past 20 years.
It is expected that aridification and warming will provide a buffering effect on flooding events, but the effect of urbanization
is far more important in increasing flooding hazards as demonstrated by the frequency and magnitude of flooding events
during recent years. The rapid urban expansion altered the ability of the surface to absorb and retain rainwater, leading to
recurrent severe flooding events in recent years as revealed by the frequency of reported flooding events and the simulation
results. The simulated average annual surface runoff for the 1986 land use scenario from 1985 to 2021 was 71 mm, whereas
its corresponding values for the 2001 and 2024 scenarios were 78 mm and 87 mm, respectively. The total number of flooding
events with a runoff value above 10 mm was simulated to be 88 for the 1986 land use scenario while the number for the 2001
and 2024 scenarios were 100 and 106, respectively. The number of flooding events exceeding 20 mm for 1986 scenario was
25, increased to 30 and 39 for land use scenarios of 2001 and 2024. Results show that urban expansion is a major driving
force in flood generation and the projected warming and drying will not alleviate this emerging hazard. The present study
highlights that urban expansion has a more significant impact on flood intensity and frequency than decreasing precipitation
and rising temperatures. The study emphasizes the urgent need to integrate urban hydrology and geomorphology into land-
use planning policies. The flood related information presented in this investigation is quite operational to assist in mitigating
potential flood damages and future land use planning for Amman City and other urban areas in Jordan and the nearby region.
© 2025 Jordan Journal of Earth and Environmental Sciences. All rights reserved
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1. Introduction

Rapid urban expansion has deleterious consequences
on many environmental issues such as air quality, energy
consumption, and thermal comfort (e.g., Chung et al., 2011;
Jahan et al., 2021; Oroud, 2022). Of particular importance
is flooding, which poses significant challenges to cities
worldwide, particularly in third-world countries due to a
lack of adequate infrastructure and poor zoning criteria.
Urban areas are prone to extensive flooding events due to
the widespread impermeable surfaces which impede the
absorption and retention of rainwater (Guo et al., 2021;
Agonafir et al., 2023). Population growth causes inward
and outward urban expansion. Inward growth fills the void
spaces, causing a substantial increase of the impermeable
surfaces while the outward expansion adds additional
impervious landscapes to the total area contributing to
flooding events.

Urban landscape has numerous negative effects on the
hydrological cycle including increasing surface runoff,
decreasing infiltration, and degrading water quality (e.g.,
Miller and Hutchins, 2017; Odeh et al., 2022). Recurrent

flooding in Amman City has become ubiquitous during
the rainy season in recent years. The rapid population
growth, poor zoning measures, and the topography of the
city go hand in hand in exacerbating the recurrence of this
damaging natural hazard. Significant property losses and
human casualties have been increasing in the city in recent
years. A major flooding catalyst has been the substantial
expansion of the impermeable urban fabrics over the steep
topography during the past four decades, resulting from
the rapid population growth. The population of Amman
increased from ~0.8 million people in 1986 to more than
2.25 million people in 2024. The risk of flooding events is
further intensified by the rugged topography and poor urban
planning. Significant parts of the city are situated along the
wadies, draining higher portions of the city. Improper zoning
measures contributed significantly to this damaging hazard.
Planners did not pay attention to the hydrology of the city
prior to zoning new lands into urban land use over the higher
portions of the city which caused water to significantly
flood to the downtown area.
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In recent years, the southeastern Mediterranean
witnessed aridification and warming trends , precipitation
declined, and temperature showed a significant increase.
This aridification and warming trends are expected to
influence flood hazard in the study area provided that the
intensity of precipitation did not witness any alterations.

Numerous studies were conducted to assess flooding
in Amman City and nearby areas (Alhasanat, 2014; Oroud,
2015a, Oroud, 2015b; Engicon, 2019; Gharaibeh et al., 2019;
Tabari et al., 2020; Al Azzam and Al Kuisi, 2021; Oroud,
2024). For instance, Ecogen (2019) reported that the intensity
of precipitation that fell on the 28 of February 2019 did not
justify the massive flooding in downtown Amman and
attributed the flood disaster to an inadequate municipal
drainage network. Other studies focused on the effect of
climate change on individual and community response to
flood disasters (Al Saodi et al., 2023; Gammoh et al., 2023).
The relative influence of land use changes and the recent
aridification-warming trends on flooding have not been
addressed in earlier studies, and thus the objective of the
present study is to examine the effect of land use changes
and recent climate change on flooding events within the
catchment area draining the city of Amman using a spatially
distributed hydrological model, remote sensing data and GIS
tools. The model is run on a daily timestep with a spatial
resolution of 250 m to capture the fine spatial details caused
by the large variations in topography and land cover. The
hydrological model was run for three land use scenarios:
1986, 2001, and 2024. This study will examine the effects
of urban expansion and climate change on the frequency and
magnitude of flooding events in the study area.

2. Study Area

Amman City is located in central Jordan and represents
the largest urban center in the country (Figure 1). The city
was a very small town in the beginning of the 20th century,
which was confined to a strip of low land adjacent to a
creek draining the nearby rugged terrains. The small town
expanded from the low-lying areas to the nearby rugged
mountainous terrains in a rather random manner. The
downtown area, which occupies the low-lying areas and the
site of vibrant commercial activities, is situated within the
confluence of the water courses draining the higher parts of
the city.

The city witnessed a rapid population growth due to
the recurrent influx of refugees and immigration from
rural areas. The population of the city increased from ~90
thousand people in 1950 to more than ~2.25 million people
in 2024. In other words, the population of the city increased
by about 24 folds within the past 75 years. Following this
population explosion, the city size expanded by about 20
times between 1950 and 2003 (Oroud and Al-Rousan, 2004)
and by more than 70% between 2003 and 2015 (Al-Kofahi et
al., 2018). Figure 2 shows the population growth of the city of
Amman between 1950 and 2024.
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Figure 1. Location of the study area
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Figure 2. Population growth of Amman city during the period 1950
through 2024.
Data Source: United Nations - World Population Prospects: https://www.

macrotrends.net/global-metrics/cities/21700/amman/population - Amman,
Jordan.

3. Data and Method of Investigation

3.1 Meteorological Data

Daily data on the precipitation of three hydrometeorologi-
cal stations was obtained from several sources including the
Department of Meteorology, the Ministry of Water and Ir-
rigation and the Ministry of Agriculture, Jordan. The daily
data covers the period from 1985 through 2021. Daily data
on precipitation for the three stations was cross-correlated to
ensure record consistency and accuracy. Maximum and min-
imum air temperatures were obtained from a station within
the city operated by the Department of Meteorology, Jordan.
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3.2 Topography, Soil and Land Cover

The topography of the city was generated using a digital
elevation model (DEM), downloaded from the Shuttle
Topographic Radar Mission (STRM) from the USGS site
(http://earthexplorer.usgs.gov). The DEM image, which has a
spatial resolution of 30 m, was used within a GIS environment
to delineate the watershed, identify the elevation of each
resolution grid, and generate the various raster layers needed
in the analysis of flooding and flow accumulation. The
watershed, draining the city, has steep gradients with an
elevation ranging from ~650 m to more than 1100 m above
mean sea level. This steep topography gradient reflects the
rugged nature of the city. A soil shapefile was obtained
from the Ministry of Agriculture, Jordan, where each soil
type was classified based on its texture (Hunting Technical
Report, 1993).

The land cover for the study area was derived from
Landsat images downloaded for 1986, 2001, and 2024. The
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three images were downloaded in April and May to identify
land cover patterns correctly because arid and semiarid lands
tend to give a spectral signature similar to urban landscapes
during the dry season (Oroud and Balling, 2021). Landsat 5
and 7 have an 8-bit radiometric resolution, 0-255 dynamic
range, while Landsat 9 has a 14-bit radiometric resolution,
0-16383 dynamic range (Table 1). This means that Landsat 9
OLI-2 has a much higher radiometric resolution, and, thus, it
is capable of discerning subtle land surface tones compared
to the earlier satellites images. The visible and near-infrared
bands were stacked and pan-sharpened using band 8 for
Landsat 7 and 9 to enhance their spatial resolution. The
three images were classified using the Support Vector
Machine (SVM) embedded in Arc GIS Pro (see also Oroud
and Balling, 2021; Oroud, 2023).. The accuracy of the
classification was checked for the image of 2024 against
high-resolution Google images with a Kappa value of 92%.

Table 1. The spectral and radiometric properties of the three Landsat satellites used in this investigation.

Landsat Number of bands Radiometric resolution Spatial resolution
Landsat 5 TM 4-5-1986 7 8-bit 30m
Landsat 7 ETM+ 24-5-2001 8 8-bit 30 m
Landsat 9 OLI-2 05-4-2024 11 14-bit delivered to users as 16-bit 30m

3.3. GIS tools

The GIS tools were implemented to generate watersheds
and obtain the x, y coordinates and elevation values for
each resolution cell. Land-cover type, soil classes and
slope were overlain in a GIS environment to generate a
curve number across the study area during the three land
use scenarios—1986, 2001, and 2024. The curve number
generated for each scenario was used in the hydrological
model to calculate flooding frequency, magnitude, and its
spatial distribution across the study area. The GIS tools were
also used to extract the flow accumulation which can be used
for operational purposes to examine flood volume for sub-
watersheds.

3.4. Data Interpolation

The introduction of GIS at the end of the previous
century has revolutionized data interpolation, and, thus,
large spatial extents could easily be interpolated objectively
and with a high degree of accuracy given the availability of
a sufficient number of measuring points. The problem of
direct GIS interpolation schemes can become problematic
if weather-measuring stations are sparingly distributed over
rugged terrains (e.g., Jeffrey et al., 2001; Apaydin et al.,
2004), leading to large errors. A more rigorous procedure to
interpolate meteorological data would be to take into account
vertical and horizontal gradients of the specified element
across the landscape (e.g., Schoener, 2010; Emmendorfer and
Dimuro, 2020):

Six = J(Xi —x)? + (vi — yj)? M

where &, is the Euclidean distance (m) between station I

and the intended grid cell, and the x and y are the easting and
northing coordinates (m). A climatological element at a grid,
e.g., precipitation (x(x,.y,,z,) or any other climatological

element like temperature, can be derived explicitly using, for
example, the IDW (Emmendorfer and Dimuro, 2020; Oroud,
2022):

s (xi+T(zi=2(K))/6(i,k)2
XX Yio Zi) = == 5l ¢t 2

1=1§(i,k)2
where x, is the easting (m), y, is the northing (m) and z,

is the elevation of the grid; x; is the meteorological element
at station I, I is the environmental gradient/lapse rate (e.g.,
mm m™), z,is the elevation of station I, z(k) is the elevation
of the grid, and §(I,K) is the Euclidean distance between
station | and the intended cell. Precipitation for each grid
was interpolated using the Inverse Weighing Distance using
the three meteorological stations after accounting for grid
elevation. The interpolation of air temperature is easier
because this element depends primarily on the elevation
difference between the grid and the measuring station.

3.5 The Hydrological Module

For modeling purposes, the study area was subdivided
into discrete cells, each of which is 250 m side length. Each
cell has its X and Y coordinates along with its unique CSN
value. The Soil Conservation Service Curve Number (SCS-
CN) scheme is widely implemented to characterize flooding
over urban areas (e.g., Ponce and Hawkins, 1996; Dingman,
2002; Kannan et al., 2008; Jahan et al., 2021; Oroud, 2024).
The SCS method implements the curve number to assess
runoff response as a function of soil type, land cover, the
state of landcover and topography (Borga et al., 2007; Ries
et al., 2017).

The maximum potential soil moisture retention capacity
(S) is derived based on the Curve Number of each resolution
cell (Ponce and Hawkins, 1996):

S() = 254 (o= — 1) 3)

CNQ)
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where S(j) is the moisture potential retention capacity,
and CN is the curve number of the pixel. The S(j) of soil is
adjusted between the dry soil condition (CN1) and the wet
conditions (CN3) as determined from the antecedent soil
moisture of each resolution cell (Ponce and Hawkins, 1996),

_ CN
CN1 = 2.28—.01281CN @
CN3 N ®)

= 0.427+0.00573CN
The CN value for a resolution cell at a given time step is
as follows:

CN = CN1 + 85 ©)
Smax

where S is the soil moisture retention capacity at

CNI1; Si*! is soil moisture retention of a resolution cell at the

previous timestep (previous day), p is determined by Ponce

and Hawkins, 1996:
pu=CN3 —CN1 @)

The curve number is adjusted for slope as suggested by
Ajmal et al. (2023):

CN

_322.79+15.63a @®)
T 32352+a
where a is the slope in percentage.

Runoff from a given grid occurs when daily precipitation
exceeds its moisture potential retention (e.g., Viola et al.,
2017):

_ 2
Ro = w' P> 0.2S
P+0.8S

Ro=0,P <0.2S

©

4. Evaporation Calculation

For the non-steady state of transient modeling, there must
be tracking of surface moisture as antecedent moisture has
a significant impact on actual evapotranspiration, surface
runoff and groundwater recharge. The soil water change
is established by using the water budget at the surface,
expressed as (e.g., Viola et al., 2017; Small et al. 2018):

S =P—Ar—Ro-D, (10)

where the first term on the left is soil moisture change
with respect to time, P, A, R, and D,, are precipitation,
actual surface and deep

evapotranspiration, runoff,

percolation, respectively.

Actual evapotranspiration is determined by potential
evapotranspiration, soil water content, and subsurface
hydraulic properties (Dingman 2002; Allen et al., 2007).
Actual evaporation is calculated as a function of potential
evaporation and soil moisture content within a resolution
pixel. In this study, potential evapotranspiration (PE) is
calculated using the following form (Hargreaves and Allen
2003):

PE = 0.0023R (17.8 + T) VAT (an

where PE is potential evapotranspiration (mm/day), R, is
daily global radiation in mm equivalent units, is the average
daily temperature (OC), and AT is the diurnal temperature
range, the maximum minus the minimum temperature.

Global radiation is parameterized by Hargreaves and
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Samni (1982):
Rg = 0.408S, (12)

where S_ is the extraterrestrial daily solar radiation as
determined by latitude and declination of the sun (Igbal,
1983):
(13)
where SC is daily solar radiation constant at the mean
earth- sun distance, R, @, 8, and o are the sun-earth distance
ratio (-), latitude, declination of the sun, and daylength. The

simulated daily extraterrestrial radiation in the study area
varies from ~18 MJ m? day"! at the end of December to ~

Sext = ScR(w sin @ sin § + cos ¢ cos 6 sin w)

42 MJ m>day’ in June. It is important to note that in the
Mediterranean region precipitation and evapotranspiration
are out of phase, and the major factor influencing water
balance and flooding is precipitation (Unissa et al., 2023;
Oroud, 2024). Furthermore, the long dry and hot summer
season deletes the past memory of subsurface moisture
storage, and, thus, a hydrological year can be modeled
independently from previous years with very little, if any,
loss of accuracy (e.g., Viola et al., 2017).

In this study, the soil profile is divided into two
compartments, a top thin one with a moisture holding
capacity of 15% of the total soil profile capacity, and a deep
layer holding 85% of the total soil moisture. This procedure
was adopted successfully by numerous researchers and gave
excellent results (e.g., Palmer, 1965; Crooks and Naden,
2007). Actual evapotranspiration is assumed to be equal
to the potential value (PE) when precipitation equals or
exceeds P but decreases nonlinearly as soil moisture drops
(e.g., Farmer et al., 2003; Liu and Smedt 2004; Enrique and
Alfonso, 2010):

AE = PE,P > PE

0-0,,

AE= (Ps — Apy) (G—n)°, AE = AE, + AE,
ST Yw

(14)

where A_, is evapotranspiration from the second layer,
AEIl is evaporation from the top layer, 0 is soil moisture at
the wilting point, and ¢ is an exponent larger than unity (e.g.,
Liu and Smedt 2004; Crooks and Naden 2007).

5. Model Verification

There are no actual measurements to establish the
performance of the present model, but we used two different
procedures to establish the adequacy of the model output.
The present model results were tested against the simulation
results of other hydrological models and the chloride mass
balance in a similar environment. The present model results
are commensurate with the chloride mass balance and the
simulation results of other hydrological models (see Oroud,
2024). Because of the lack of direct flood observations, we
resorted to archived newspapers and social media data which
reported the extent of flood damage and pictured the flood
magnitude. Thus, we used the archived flooding events for
Amman City for the period 2010 through 2021, as reported
in the local newspapers and social media. Archived flooding
events were compared to those generated by the model
using the 2024 land use scenario. It is well understood that
flooding is closely linked to precipitation intensity—e.g.,
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hourly, 3 hours, and 6 hours, which cannot be revealed by
the model as it uses a daily timestep. Yet, newspaper reports
would give a good indication of flooding magnitude and thus
can be used to “gauge”, at least qualitatively, the simulation
results. Table 2 shows the dates along with precipitation
and flooding magnitudes exceeding 20 mm along with the
reported flooding events in the newspapers’ archives for the
period 2010-2021.

Table 2. The dates along with precipitation and flooding events
exceeding 20 mm/day for the period 2010-2021 and flooding events
as reported in the archives of newspapers.

Flood magnitude

Precipitation

Newspapers reports

(mm/day) (mm)

18-1-2010 | 51.12 28.38 No flooding reports
26-2-2010 | 51.92 33.18 Heavy flooding in downtown
28-2-2010 | 45.21 28.17 No flooding reports
422011 | 38.1 21.09 No flooding reports
17222011 | 41.19 2215 No flooding reports
29-22012 | 43.34 25.04 No flooding reports
1-3-2012 55.68 25.76 No flooding reports
7-1-2013 754 53.4 Heavy flooding reports
8-1-2013 54.88 37.21 Heavy flooding reports
11-12-2013 | 55 34.04 Heavy flooding reports
26-11-2014 | 37.57 20.04 No flooding reports
18-2-2015 | 46.55 21.19 No flooding reports
8-1-2016 | 377 21.07 No flooding reports
5-1-2018 4374 25.16 Heavy flooding reports
18-1-2018 | 37.43 20.78 Heavy flooding reports
27-2-2019 | 42.13 24.17 Heavy flooding reports
28-2-2019 | 58.23 40.68 Heavy flooding reports
26-12-2019 | 83.32 54.03 Heavy flooding reports
8-1-2020 | 475 30.27 Heavy flooding reports

It is clear that whenever flooding exceeded 30 mm/
day, massive flooding was reported. Archived results show
good agreement with simulation results. The model failed
to identify a major flooding event reported on 5-11-2015.
This flooding event was a result of an intense localized
thunderstorm that lasted for 40 minutes, and the reported
precipitation across the catchment was 13 mm. The overall
agreement between simulated and archived flooding events
provides further support to the adequacy of the model results.

6. Results
6.1. Urban Expansion

Figure 3 shows the city size in 1986, 2001, and 2024
as obtained from Land-sat images. There has been a
large urban expansion during the past four decades which
reflected the rapid population growth of the city. Urban
areas within the catchment area increased from ~83 km?
in 1986 to ~137 km? in 2024, an increase of about 64%. On
the other hand, cultivated and forest areas decreased from
68 km? and 28 km? in 1986 to ~32 km? and ~11 km? in 2024.
This is a substantial land cover change during the past 40
years. The transformation of natural landscapes into highly
impermeable urban fabrics is expected to heighten flood risk
and reduce the concentration time of flood peaks.
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This land use change reflected the very rapid population
growth of the City of Amman. The number of inhabitants
of the city increased from ~800 thousand in 1986 to 2.25
million people in 2024. Figure 4 shows the distribution of
land use in 1986 and 2024.

ET SeSE
Figure 3. Urban expansion of the city of Amman as revealed by
three Landsat images taken in 1986, 2001, and 2024
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Figure 4. The extent and spatial distribution of land use in 1986 and 2024.

6.2. Spatial distribution of precipitation

There is a steep precipitation gradient across the
watershed which typifies
environment. Precipitation follows closely the elevation
contour lines. Figure 5, which is generated by the model,

the Eastern Mediterranean

shows the average annual precipitation distribution across
the catchment; it ranges from a minimum of ~200 mm/
year in low laying areas to more than 420 mm/year in the
northwestern parts of the catchment where elevation reaches
1100 m.
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6.3 Precipitation Events

Precipitation in the Eastern Mediterranean falls from
October through May. More than 75% of precipitation occurs
in the coldest months, December through February. Yet, large
precipitation events also occur in the transitional seasons—
Fall and Spring—mainly due to dynamic atmospheric
static instability caused by upper air cold troughs advancing
from the northwest, associated with low level moist warm
air and penetrating along the Red Sea Trough (e.g., Oroud,
2018; Hochman et al., 2022). Figure 6 shows the frequency
of precipitation categorized according to its daily amount.
There were 1700 daily precipitation events (P>0 mm) during
the 37-year study period, of which 273 events exceeded 10
mm, and 113 events exceeded 20 mm/day.
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Figure 5. The spatial distribution of precipitation (mm/year) along
with the elevation contour lines (meters above mean sea level)

Figure 6. The frequency of precipitation as categorized according
to its daily amount
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Annual precipitation has decreased slightly during the
past 37 years. Still, it is not statistically significant while the
minimum and maximum temperatures exhibited significant
increasing trends which are important at the 95% level
(see Figure 7). The average maximum air temperature in
the study area was 23.22 °C during 1985-2005, while its
corresponding value for the second period, 2006 -2021,
was 24.22 °C. Likewise, the average minimum temperature
for the first period was 12.04 °C, while it was 13.14 °CC in
the second period. This increasing trend is linked to global
warming and urban expansion. A temperature increase is
likely to reduce flooding and groundwater recharge due to
the increased water loss via evaporation provided that the
intensity of precipitation did not experience any change.
Examination of daily precipitation data did not reveal
any statistically significant changes in the intensity of
precipitation during the study period. Thus, based on climate
alone, there should be a reduction in runoff because of the
increased air temperature.
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Figure 7. Annual precipitation and minimum and maximum
temperature trends during the period 1985 through 2021

6.4 Runoff and Flooding Events

The significant changes in land use during the past 40
years have caused a large change in the curve number. For
instance, the curve number as derived from the Landsat
images was 86.0 for 1986 land use scenario, increased to 87.7
and 89.7 for land use scenarios of 2001 and 2024. Although
the change in the curve number is relatively small, it is
important to note that the curve number is quite high to start
with, and, thus, small departures in the CN are expected to
amplify runoff events significantly following urbanization
expansion. Simulation results show that the average annual
surface runoff for 1986 land use scenario was ~71 mm which
represents ~22% of average annual precipitation while the
corresponding values for 2001 and 2024 land use scenarios
were 78 mm and 87 mm, respectively. The increased runoff
came mainly at the expense of actual evapotranspiration. For
instance, actual evapotranspiration for the 1986 scenario was
198 mm while it is 192 mm and 178 mm for 2001 and 2024
land use scenarios.
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Figure 8 shows the link between daily precipitation
and daily runoff for the 1986 and 2024 land use scenarios.
It is clear that runoff link to precipitation exhibits a steeper
response for the 2024 land use scenario as demonstrated
by visual inspection and the coefficients of the regression
line. Runoff tends to start, in general when precipitation
exceeds 10 mm for land use scenario of 2024 but has a higher
precipitation threshold for 1986 land use scenario.
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Figure 8. The link between daily precipitation and daily runoff

for the 1986 and 2024 land use scenarios. Notice that the curve is

steeper for land use scenario of 2024 as revealed by the regression
coefficients.

A more dramatic effect of urbanization is quite
distinct when examining the frequency of flooding events
according to their magnitudes. Table 3 shows the runoff
events categorized based on their magnitude under the three
land use scenarios using the same daily precipitation and
temperature records. The total number of flooding events
for the three scenarios were not very different from each
other, with a value ranging from 760 to 706. The picture
becomes very different when comparing large flooding
events among the three scenarios. For instance, the number
of flooding events (runoff 10 mm) is 88 for the 1986 land
use scenario, increased to 100 and 106 for 2001 and 2024
land use scenarios. The departure becomes far more distinct
when comparing very large flooding events. For instance,
the number of flooding events of 20 mm/day is 25 for the
1986 land use scenario while it is 39 for land use scenario
of 2024, with a 56% increase. The land use scenario of 1986
did not show any flooding events in excess of 50 mm/day.
Results demonstrated that the frequency of large flooding
events has increased substantially following the spread
that
urbanization has a significant impact on flooding in Amman

of urbanization. This increase clearly demonstrates

despite the buffering effect brought about by precipitation
reduction and air temperature rise.
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Table 3. Number of runoff events categorized based on magnitude for the city of Amman as influenced by land use scenarios of 1986, 2001,
and 2024. The simulation for each scenario was run from 1985 through 2021.

Runoff magnitude

Number of runoff events for each land use scenario

(mm/day) 2001 2024 % change between 2024 and 1986
>=0 759 760 766 1%
>=10 88 100 106 20%
>=20 25 30 39 56%
>=30 11 12 15 36%
>=40 5 5 60%
>=50 0 2 2 ===

An important point is the effect of land use changes on
the simulated spatial distribution of floodwater across the
catchment. Figure 9 shows the average annual distribution
of runoff across the catchment in 1986 and 2024. It is clear
that a significant increase in runoff potential is observed
for land use of 2024 compared to 1986. The alteration
from agricultural and forest lands to urbanization has

significantly reduced the surface capacity to absorb and
retain precipitation, leading to higher runoff potential. The
effect of slope on flood generation is taken into account via
Eqn. 8, which implies a larger increase in the curve number
as slope gradient increases. Furthermore, the combination of
impermeable surfaces along with steep slopes reduces the
concentration time for flood peaks.

1986 scenario
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Figure 9. The average annual distribution of runoff (mm/year) across the catchment area in 1986 and 2024

6.5 Climate Change Versus Urbanization

To examine the effect of land use changes compared to
climate change impacts, we subdivided the period into two
parts; one extends from 1986 through 2005, and the other
extends from 2006 through 2021. It is assumed that the land
use in 1986 represented the first period while the second
period was assumed to be represented by the land use in
2024. Calculations show that the average annual potential
evapotranspiration and precipitation during the first period

were 1323 mm and 340 mm while the corresponding
values for the second period were 1359 mm and 323 mm,
respectively. Clearly, a trend of aridification and warming
is observed during the second period. Based on climate
records alone, we should expect more surface runoff during
the first period. Figure 10 shows that the number of flooding
events 20 mm/day during the first period was 10 while in the
second period, which represents land use of 2024, recorded
21 events, more than 100% increase in flooding events.
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Figure 10. The number of flooding events over 20 mm/day. The

land use scenario of 1986 represents the period 1986 through 2005

while the land use scenario of 2024 represents the period 2006

through 2021. Each dot in the figure represents a flooding event
>= 20 mm/day.

The large increase in flooding events during the second
period was only due to land use changes . The frequency
of major precipitation events did not show any difference
between the two periods. For instance, the number of daily
precipitation events over 20 mm in the first period was 57,
while it was 56 in the second period. Likewise, the number
of precipitation events over 30 mm was 21 events in the first
period and 20 events in the second period. This means that
the significant increase in large flooding events simulated
in the second period was due to land use changes. Thus, the
buffering effect, brought about by aridification and warming
in the second period, did not have any effect in reducing
large flooding events in the study area despite the warmer
and drier conditions experienced in the second period.

7. Discussion

The natural setting of Amman City, being highly
urbanized and built over rugged terrain, increases the risk
of flooding and poses serious threats to infrastructure
and human lives, particularly in the downtown area as it
represents a confluence of the various tributaries draining
the upper parts of the watershed. Figure 11 can be employed
for operational purposes to identify the volume of flow, peak
flow and time of concentration given a specific precipitation
amount. Digital elevation data can be used to identify the
sub-watersheds using GIS tools, and thus the hydrological
model can be implemented to estimate the volume and timing
of flooding expected near the outlet of each sub-watershed.

The expected flood volume for a given tributary crossing
the downtown area can be calculated using the runoff
results obtained from the hydrological model along with
the accumulation raster derived from the digital elevation
model, using the following form:

QA = YPRiAA (15)

where QA is runoff volume, Ri is the runoff (mm)
potential, and AA is the contributing area (m?). For instance,
if Ri is 20 mm and the total area contributing to the sub
watershed is one km?, then the total volume of flood is
expected to be ~20 thousand m3. Because of the rugged
terrains and impermeable surfaces, the time of concentration
for storms is relatively short, in the order of less than one or
two hours, which leaves very little time to take precautionary
measures. For operational purposes, each tributary can be
examined separately to identify the level of danger it poses.

32°N

31°55'N

31°50'N

35°55'E 36°E

35°50'E

Figure 11. The sub watersheds within the study area. Note that the

various drainage network confluence in the downtown area.

Flood hazards further worsen when examining the
road and drainage networks. Figure 12 shows the various
tributaries superimposed on the city street network. The
street network in the downtown area- Al-Madina- is aligned
along major tributaries draining huge, urbanized sections
within the watershed. This means that large volumes of flood
water would inundate the downtown area and major roads,
leading to human casualties, significant monetary losses,
traffic accidents and serious disruption to traffic flow (see
Figure 13). Thus, increased urbanization has significantly
increased the probability of large flooding events in recent
years as demonstrated by the simulation results and the
reported floods. The capacity of natural surface to hold
moisture is much higher than those for urban landscapes.
As CN increases as in the case for urban fabrics, a large
portion of precipitation is converted to surface runoff.
These results are commensurate with results presented by
other investigators such that the hydrological changes of
urbanization will increase the flood peaks and decrease
the concentration times (e.g., Huong, and Pathirana,(2013,
Miller and Hutchins, 2017) .

It is clear that urbanization is a significant factor in
causing major flooding events in recent years. Presented
results are consistent with observations obtained elsewhere.
For instance, Birhanu et al. (2016) found that urbanization
in Adiss Ababa in Ethiopia increase runoff by 25%.
Furthermore, Bian et al. (2017) observed a 60% runoff
increase in a river basin in southern China, indicating that
urbanization was responsible for 59% of this increase while
climate change was responsible for only 1% .
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Figure 12. The various tributaries superimposed on the city road
network.

Uncontrolled urbanization degrades water quality,
reduces agricultural and forest lands, and increases the
frequency and volume of surface runoff because of the
increased imperviousness. An important urban development
plan to cut down on the flooding risk, particularly for
cities situated over rugged terrains, would be to study the
geomorphology and watershed hydrology of the planned
area prior to zoning an area for urban land use purposes.
For instance, upper parts of a catchment area contributing to
flooding should be zoned as agricultural/forest or parklands
to eliminate, or, at least, reduce the risk of large flooding
events. The effect of climate change on the frequency and
magnitude of flooding does not seem to be of any importance

in alleviating the flood hazard in the study area.

Figure 13. A typical flooding event nundating Downtown Amman
City. This photo was taken on 28/2/2019.
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8. Conclusion

Impervious surfaces and buildup land are more
The

increased probability of flooding poses serious risk factors

vulnerable to flooding than natural landscapes.

to human lives, human health, property, traffic flow and
accidents. Sustainable urban planning, expansion of green
infrastructure, proper zoning, and improved drainage
network play pivotal roles in reducing flood vulnerabilities.
The increased precipitation intensity projected by global
warming will more likely exacerbate severe flooding
events in the study area in the future unless more adequate
engineering measures are adopted to mitigate this natural
hazard. Strategies such as stormwater drainage networks
play a pivotal role in mitigating the effect of flooding
events in Amman. The poor zoning measures contributed
significantly to the high risk of flooding because the higher
areas, which were supposed to be left as agricultural land
or implanted with forests, increased the probability of large
flooding events. The improper and uncontrolled urban
expansion on the agricultural and natural landscape such
as forests has substantially increased the risk of flooding in
Amman City.

Results demonstrated clearly that urban expansion
surpassed the aridification and warming trend observed
in the study area. The number of large flooding events has
experienced a large increase in recent years despite the
fact that precipitation declined, and air temperature rose
substantially. There is no magic solution to the dilemma of
the repeated flooding and inundations in downtown Amman
City due to the limitations imposed by the topography of the
city and the spatial distribution of roads and commercial
properties. Although the presented model depicts flooding
events very adequately, the availability of precipitation data
at hourly timesteps would more likely mimic more accurately
the flooding events spatially and temporally.

Measurements of precipitation and flood events using
real- time data are crucial for future modeling purposes
and urban planning. It is highly advisable to install a dense
precipitation network across the flood- contributing areas
within Amman City to monitor precipitation amount and
intensity. This precipitation network should be remotely
monitored through various relevant agencies such the Civil
Defense Department and Amman Municipality to take
precautionary measures ahead of flooding events to mitigate
the adverse consequences.

Proper modeling techniques have the capability to provide
adequate projection of flooding events at the watershed and
sub watershed scales, thereby guiding decision-makers to
take proper measures to mitigate flooding events and protect
lives, infrastructure, and the economy. It is imperative to
study the geomorphology and hydrology of an area prior to
zoning it for urban development to avoid the consequences
of costly flooding events. Findings of this study should
prompt decision makers for setting environmental and
urban expansion legislations to control flooding and
also for managing the urban water environment and
identifying knowledge gaps that limit effective management
interventions.
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